Introduction
DNA methylation is essential for embryonic development and important to transcriptional repression of imprinted genes, genes on the inactive X chromosome, and critical genes aberrantly silenced in many human cancers (1;2) . This DNA modification is mediated by DNA methyltransferases (Dnmts) 1 . Three active Dnmts (Dnmt1, Dnmt3a, and Dnmt3b) are required for the establishment and maintenance of genomic methylation patterns and proper murine development (3;4) . Mutations in DNMT3B have been found to cause the developmental syndrome, ICF, which is characterized by a loss of methylation at pericentromeric heterochromatin (4-6). Dnmt3a and Dnmt3b are thought to primarily methylate DNA de novo, while Dnmt1 principally maintains heritable methylation patterns during DNA replication (4;7).
For this latter function, Dnmt1 has been shown to localize in the nucleus to DNA replication foci (7) . More recently, DNMT1 was shown to possess transcriptional repression capabilities, independent of catalyzing DNA methylation, that were mediated partially through a direct interaction with the histone deacetylases, HDAC1 and HDAC2, and other co-repressors (8-10).
Furthermore, HDAC2 was found to co-localize with DNMT1 at replication foci only during later stages of S-phase (9) .
In the present work, we wanted to determine whether Dnmt3a and Dnmt3b, like DNMT1, target to DNA replication foci and possess functions other than the ability to methylate DNA.
We now show that, similar to DNMT1, Dnmt3a and Dnmt3b repress transcription independent of their methylating activities, and this repression is partially dependent upon histone deacetylase activity. However, the transcriptional repressive activity of Dnmt3a and Dnmt3b occurs through ATRX-like PHD domains not present in DNMT1. Moreover, the localization patterns within the nucleus for Dnmt3a and Dnmt3b differ markedly from DNMT1 and suggest a different role in by guest on November 6, 2017 http://www.jbc.org/
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Technologies), 0.1 mM β-ME, 500 U/ml LIF (ESGRO, Chemicon), 20 mM HEPES buffer (pH 7.4), and 10 µg/ml antibiotics (penicillin and streptomycin; Life Technologies). Cell transfections, luciferase expression assays and confocal immunofluorescence studies were performed as previously described (9) .
Results

The N-terminal regions of Dnmt3a and Dnmt3b repress transcription in association with HDAC activity
All three active DNA methyltransferase enzymes are composed of a C-terminal methyltransferase catalytic region that shares structural motifs with all known cytosine methyltransferases, and a larger N-terminal region (Fig. 1A) . The N-terminal region of Dnmt1 targets the enzyme to replication foci (7;11) partially through the direct binding to PCNA (12) and can repress transcription by binding directly to HDAC1/2, Rb, and a novel co-repressor, DMAP1 (8) (9) (10) . However, the N-terminal regions of Dnmt3a and Dnmt3b remain uncharacterized in regards to function. Both Dnmt3a and Dnmt3b contain conserved cysteinerich regions (Fig. 1A ) that closely resemble a PHD-like domain found in the transcriptional regulator ATRX (13) , and which are not present in DNMT1. Apart from the conserved ATRX-6 MeCP2, the repression observed with the N-terminal portions of Dnmt3a and Dnmt3b is partially dependent upon HDAC activity demonstrated by partial relief of this repression by treatment with 100 nM of the HDAC inhibitor trichostatin-A (TSA) for 6 hours (Fig. 1B) .
In light of the transcriptional regulation attributed to ATRX and other PHD domain containing proteins (14) , we wanted to determine if the PHD-like domains of Dnmt3a and Dnmt3b were responsible for the observed repression. Indeed, we found that these ATRX-like regions were responsible for most of the transcriptional repression observed for Dnmt3a and Dnmt3b (Fig. 1B) . This repression was also partially relieved following treatment with TSA, indicating that the HDAC activity associated with Dnmt3a and Dnmt3b is mediated through these conserved ATRX-like PHD domains (Fig. 1B) . PHD domains have been found in many proteins, such as Mi-2 (15) and BS69 (16) , which are involved in chromatin remodeling complexes that include HDACs. It is also interesting to note that the majority of mutations that lead to the phenotype of ATRX syndrome, which includes alterations of DNA methylation, occur in the PHD-like domain of the ATRX protein (17;18) .
Unique localization of Dnmt3a and Dnmt3b within the nuclei of NIH 3T3 cells
Since the transcriptional repression capacities of Dnmt3a and Dnmt3b seem to entail different characteristics than for DNMT1, it is important to ask whether these proteins target differentially within the nucleus for clues as to how and where they may mediate formation of transcriptionally repressive chromatin. DNMT1 is localized to replication foci throughout Sphase where it maintains heritable patterns of methylation and perhaps chromatin following DNA synthesis (7;9) . To further compare the properties of DNMT1 with those of Dnmt3a and Dnmt3b, exogenously expressed enzymes were imaged in the nuclei of mouse NIH 3T3 embryonic fibroblasts. The localization of Dnmt3a and Dnmt3b within the nucleus differed dramatically from that for DNMT1. As in previous studies, PCNA and the N-terminus of DNMT1 (aa 1-1125), while diffusely distributed in nuclei of non-S-phase cells, co-localized to foci of DNA replication which enlarged over the course of cellular S-phase (9;12). Dnmt3b exhibited diffuse nuclear staining in all cells examined, even S-phase cells where DNMT1
clearly localized to DNA replication foci (data not shown).
In contrast to Dnmt3b, Dnmt3a localized to discrete nuclear foci ( 
Dnmt3a localizes to late-replicating heterochromatin in NIH 3T3 cells
We then wanted to determine if the Dnmt3a foci corresponded to sites of DNA replication. During early S-phase, Dnmt3a was found at separate large foci, not engaged in DNA synthesis as determined by BrdU incorporation (data not shown), and not at the small DNA replication foci where DNMT1 and PCNA co-localize (Fig. 2C, D) . However, during late stages of S-phase when heterochromatic portions of the genome replicate (19) , some of the large replication foci containing DNMT1, PCNA and DMAP1 appeared to overlap with the Dnmt3a foci ( Fig. 2E , F, and data not shown). Unlike DNMT1, however, Dnmt3a and Dnmt3b did not show direct interaction with PCNA or DMAP1 in a yeast two-hybrid assay (data not shown).
Importantly, outside of S-phase when PCNA, DNMT1 and DMAP1 exhibited diffuse staining patterns, Dnmt3a continued to localize to these large nuclear structures (Fig. 2G , H, and data not shown), which lacked evidence of active DNA synthesis determined by the absence of BrdU staining (data not shown).
This observation that Dnmt3a co-localized with DNMT1, PCNA and DMAP1 during later stages of S-phase suggested that these foci contained late-replicating heterochromatin. A candidate region for the above Dnmt3a structures in mouse cells is the large component of heterochromatin residing in major satellite pericentromeric DNA. To determine if such DNA is the target for Dnmt3a, we co-expressed heterochromatin protein 1 alpha (HP1α), a protein known to associate with these heterochromatic regions in NIH 3T3 cells (20) , along with Dnmt3a. HP1α is involved in maintaining proper chromatin organization and partners with other chromatin-remodeling proteins including ATRX (21) and the p150 subunit of CAF-1 (20) .
Dnmt3a was indeed found to co-localize with HP1α at pericentromeric heterochromatin (Fig.   3A ). These pericentromeric regions are calculated to contain approximately 50% of the methylated CpGs in the mouse genome (22) . Similar to HP1α, the methyl-CpG binding transcriptional repressor proteins, MBD1 and MeCP2, have been shown to co-localize to the densely methylated regions of pericentromeric heterochromatin in somatic mouse cells and ES cells (22;23) . In further support of our Dnmt3a nuclear foci representing these major satellite repeats, the protein co-localized with MBD1 and MeCP2 at these large foci in NIH 3T3 cells ( Fig. 3B and C) . In fact, MBD1 and MeCP2 co-localized to all Dnmt3a containing foci, and also overlapped with DNMT1 at the large replication foci of late S-phase (data not shown).
Interestingly, MBD1 and MeCP2 fail to form discrete foci in human and monkey cells, and the explanation offered is that, in these species, the pericentromeric heterochromatin is less extensive and less densely methylated (24) . In this regard, we could not visualize Dnmt3a at discrete nuclear foci in monkey Vero or Cos7 cells, whereas DNMT1 could be readily visualized at Sphase replication foci (9) .
To ensure that the targeting observed for Dnmt3a and Dnmt3b in NIH 3T3 cells was not the result of cell immortalization, co-localization experiments were then repeated using newly established normal mouse embryonic fibroblasts. As seen in the NIH 3T3 cells, Dnmt3a colocalized with HP1α to pericentromeric heterochromatin, whereas, Dnmt3b remained diffusely distributed throughout the nucleus (data not shown).
Targeting of Dnmt3a does not involve the ATRX-like region
The ATRX protein, which shares the cysteine-rich PHD-like region with Dnmt3a and Dnmt3b, like Dnmt3a, localizes to regions of pericentromeric heterochromatin in mouse cells (21) . To determine if the ATRX-like domain of Dnmt3a was responsible for targeting this protein to pericentromeric DNA in NIH 3T3 cells, the N-terminus lacking the ATRX-like region (3a-2) was co-expressed with MeCP2. The deletion of the ATRX-like domain did not alter targeting of the N-terminus, which continued to co-localize with MeCP2 at these large foci (Fig.   3D ). These findings, along with the diffuse staining patterns of Dnmt3b, indicate that the ATRX-like PHD domains are primarily responsible for transcriptional repression and not the targeting of these enzymes. More importantly, these results suggest that targeting "factors" exist within the nuclei of embryonic fibroblasts that are able to specifically recognize the most nonconserved N-terminal regions between Dnmt3a and Dnmt3b. Fig. 4A and B) . This finding indicates that undifferentiated ES cells have a nuclear environment that allows for the targeting of both Dnmt3a and Dnmt3b to pericentromeric heterochromatin, whereas, more differentiated embryonic fibroblasts possess a nuclear environment that only allows for the targeting of Dnmt3a.
To determine whether DNA methylation present at the pericentromeric heterochromatin is required for the targeting of Dnmt3a and Dnmt3b, we visualized these proteins in Dnmt1 null ES cells, which have extensive loss of methylation at pericentromeric, major satellite regions (4;25). The targeting of these enzymes did not change in the Dnmt1 null ES cells and is therefore not dependent on the density of CpG methylation within these pericentromeric regions ( Fig. 4C and D) .
Discussion
Our data indicate that all three active mammalian Dnmts, directly repress transcription partially through the activity of an HDAC(s), independent of their methylating capacities. These enzymes differ greatly, however, in terms of the transcriptional repression domains. The majority of transcriptional repression, associated with HDAC activity, observed for Dnmt3a and Dnmt3b was mediated through the ATRX-like PHD domain, which is not found in DNMT1.
These findings are consistent with recent observations, which demonstrate that endogenous Dnmt3a and Dnmt3b associate with HDAC activity, Dnmt3a represses transcription, and Dnmt3a interacts with HDAC1 and a co-repressor RP58 through the ATRX-like PHD domain (26) .
In addition we demonstrate that the three Dnmts show distinct localization differences within the nucleus and the nuclear complexes they associate with during the cell cycle, indicating where these enzymes are most dissimilar. Our study suggests that these proteins, in conjunction with methyl-cytosine binding proteins and other heterochromatin-associated proteins, with which they co-localize, may help maintain constant transcriptional repression in pericentromeric heterochromatin independent of DNA replication, throughout different developmental stages.
Interestingly, in terms of the above hypothesis, Dnmt3a -/-knockout mice survive embryogenesis and die only in the post-natal period, while Dnmt3b -/-mice die early in embryogenesis (4). Mice lacking both Dnmt3a and Dnmt3b die at earlier embryonic stages than mice lacking only Dnmt3b (4) indicating functional interaction between these enzymes at the earliest stages of murine development. Also, the retained CpG methylation levels of C-type retroviral sequences in Dnmt1 deficient ES cells were significantly lowered following 15 days of induced differentiation (25) . In light of these previous findings, our data now suggest that the capacity of these enzymes to establish or maintain methylation patterns is altered during the differentiation process and that certain embryonic nuclear environments are needed to properly target Dnmt3a and Dnmt3b. That neither Dnmt3a nor Dnmt3b are found at replication foci during the majority of S-phase, fits well with the fact that homozygous deletion of either of these Luciferase activity from cells cotransfected with constructs containing only the Gal4DB was set at 100%. 
